Quantum chemical calculations of vibrational frequencies of Stilbene were followed by the computation of the potential energy surface for the two rotors related to the single bonds. By the flexible model approach applied to the computed surface we have confirmed previous assignment of mode 37 and determined frequency of the elusive mode 48. The same analysis was performed not only for the ground, but also for the excited electronic state. The shape of the potential energy surface in S 0 is in agreement with that of styrene and the barrier height obtained from the fitting in S 1 is increased with respect to S 0 , as expected. q
Introduction
Stilbene molecule (St, see Fig. 1 ) has been the subject of great interest for long time as it is a prototype for the study of cis -trans photoisomerization. Its S 0 and S 1 potential energy surfaces, with special emphasis to the potential energy curves along the torsion around the ethylenic CyC bond, have been studied by many authors and by different theoretical approaches [1 -12] . Spectroscopically, several IR, Raman and UV studies in solution, solid matrices and supersonic beams have been performed on the vibrational frequencies to gain information on the mechanism and the dynamics of the photoisomerization process [7, 9, 10, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
As pointed out by Waldeck [1] , the cis-trans photoisomerization is a multidimensional process, since the ethylenic torsional motion is coupled to other modes, in particular in the excited state to the low frequencies torsions around the single C eth -C f bonds.
The lower energy vibrational levels of St have been investigated particularly by Suzuki, Mikami and Ito (SMI) [17] , Spangler, Zee and Zwier (SZZ) [18] and Chiang and Laane (CL) [20] , who measured fluorescence excitation spectra and single vibronic level (SVL) fluorescence spectra in supersonic beams. These authors proposed assignments of the a u modes n 36 and n 37 and of the b g mode n 48 which, in some cases, because of the complexity of the problem, are conflicting. Rotationally resolved spectra, useful to give indication on the planarity of the molecule, have also been obtained [23] . Information on the torsional motions and on planarity of stilbenoid molecules, such as trans-1-(2-pyridyl)-2-(4-pyridyl)-ethylene, and of St itself have been obtained from the free jet pure rotational spectrum and from flexible model calculations [24] .
In this work, we present the vibrational frequencies calculated by ab initio CASSCF and DFT/B3LYP approaches. Furthermore, potential energy curves for the C -C torsions were calculated at the DFT/B3LYP level. These quantum chemical results are the basis for a modeling of the observed vibrational levels, which takes also into account the intensities in the SVL fluorescence and in excitation spectra. This analysis has led us to reassess some of the spectroscopic assignments proposed previously and to present a new attribution to the n 48 frequency both in the S 0 and S 1 electronic states. At the same time, we estimate for the torsion around the C -C single bonds in the state S 1 a higher barrier than in S 0 , as expected from the shorter length of these bonds.
Methods
Complete Active Space CASSCF calculations [25] were performed with generally contracted basis sets of atomic natural orbitals (ANO), with the contraction scheme 3s2p1d on C and 2s1p on H [26] . The program MOLCAS 5.0 was used [27] . The active space choice is a crucial step in a CASSCF calculation. The Stilbene molecule with 14 valence p MO's and 14 p electrons is a challenging case. The geometry optimization was performed by including all the 14 active electrons in the 14 active valence p MO's (14/14), 7 for each symmetry type a u and b g . All the calculations were performed in C 2h symmetry (planar molecule).
The CASSCF frequencies were computed with a 10/12 active space (which means a 10/12 frequency calculation at the 10/12 optimized geometry) by the simultaneous evaluation of first and second order integral derivatives followed by the CASSCF computation of first order response.
DFT [28, 29] calculations were performed using the program GAUSSIAN98 [30] at the B3LYP level of theory. The 6-31G p basis set was used. The torsional barrier with respect to the two angles f 1 and f 2 was computed pointwise with the B3LYP/DFT approach. For each couple of values f 1 and f 2 the structure of the molecule was re-optimized.
Meyer's one-(1D) and two-dimensional (2D) flexible models [31] , have been applied to interpret quantitatively the assignments we propose for the n 36 , n 37 and n 48 modes. Meyer's numerical methods allow to solve vibrational and rotational wave-functions of 1 or 2 coordinates and to include structural relaxations of other parameters than the leading coordinates. 
Results

Computed vibrational frequencies below 200 cm
21
The out-of-plane vibrational frequencies of the ground state of Stilbene below 300 cm 21 , calculated at the CASSCF level and by the B3LYP-DFT approach are reported in Table 1 together with the BLYP-DFT results of previous calculations [12] . The three calculations yield very similar results, which are somewhat different from the frequencies obtained from earlier calculations and force field analysis. The frequencies above 300 cm 21 (see Table 2 ), calculated in the same way, agree quite well with the vibrational frequencies derived from IR [9, 10] , Raman spectra [9, 10] and from fluorescence in supersonic experiments [14,16 -18] . Thus, we believe that the computed frequencies below 300 cm 21 , of Table 1 , provide a reliable estimate for their assignment.
If we focus on these frequencies, which are relevant to out-of-plane and torsional vibrations that concern us here, we note in some cases a disagreement between our (computed) frequencies and those proposed from interpretation of the spectra and between different assignments of spectroscopic parentage, as it is shown in Table 1 . The discrepancies noted are the following:
1. the a u modes n 35 , n 36 , n 37 : the first, corresponding to combination of the torsional with the flap motion, is assigned by CL a frequency of 101 cm 21 , and of 268 cm 21 by Gusten et al. [9, 10] on the basis of IR spectra; the latter value is in good agreement with theory (278 -299 cm 21 ). The frequency of n 36 , which corresponds to the flap motion contaminated by the torsion around the central CyC bond, is calculated at ca. 60 cm 21 , in agreement with the assignments of CL [20] and SZZ [18] , who revised the 33 cm 21 attribution by SMI [22] . For the n 37 , which is associated with the torsional vibration around the C -C single bonds, experimental findings of an anharmonic, low frequency vibration is supported by the theoretical estimates. 2. The b g modes: for n 47 the experimental [14] and theoretical assignments give, in substantial agreement, a frequency of about 230 cm 21 . On the contrary, for n 48 , associated as n 37 to the torsional vibration around the C -C single bonds, Table 2 Calculated vibrational frequencies in trans Stilbene ground state (cm 21 ) 1271  1217  16  1272  1219  35  299  288  47  223  223  64  1206  1193  17  1211  1194  36  60  59  48  48  70  65  1158  1113  18  1158  1116  37  i11  2  66  1105  1061  19  1105  1058  67  1064  1015  20  1065  1015  68  869  837  21  919  886  69  668  637  22  688  655  70  578  552  23  665  633  71  494  474  24  300  288  72  86  82  25  215  206 calculations predict a frequency of ca. 60 cm 21 , while SMI [17] and CL [20] propose a value about twice as much.
It should be noted that the assignment of nontotally symmetric (NTS) low frequency modes is generally based on tenuous arguments. The NTS fundamentals cannot be observed in fluorescence by symmetry reason (only bands corresponding to even quanta bands can have non-zero intensity). Furthermore, they are difficult to detect in IR and Raman spectra for experimental reasons. Previous semiempirical and force field calculations [6 -11] used as guidelines for the choice of the frequencies, were not accurate enough in the region of out-of-plane lower frequencies.
For these reasons, we decided to consider the potential energy surfaces of torsional coordinates around the C -C bonds and to perform the calculations of energy levels by the flexible model approach to gain some new knowledge about the n 37 and n 48 frequencies, both in the S 0 and in S 1 states. Furthermore, we checked the assignment of SVL spectra in jet on the basis of their intensity distribution. This leads to put on firmer basis the assignment not only of the n 37 and n 48 frequencies, but also of the n 36 .
Torsional potential energy surfaces
The 2D potential energy surface of the two phenyl torsions in the range 2p £ 2p is made of four equivalent quadrants including four equivalent minima. Since no tunneling effects were detected between these minima, we can limit ourselves to just one of these quadrants, as was done by SMI [17] and SZZ [18] and we follow the quantum number notation of these authors.
We have calculated the 2D potential energy surface for the two local single bond torsions, f 1 and f 2 , that upon þ /2 combination yield the Q 37 and Q 48 normal coordinates, practically without contributions from other internal coordinates.
DFT/B3LYP energy calculations were made for a number of values of f 1 and f 2 ranging from planar to 908. The results are reported in Table 3 . CL adopted the following analytical expression for 2D potential [20] 
where the V 2 represents the barrier height for a single rotor and V 12 , and V 0 12 describe the interaction Table 3 ). Such a discrepancy, which exceeds certainly the accuracy expected for our DFT approach, is mainly generated by the large size of the term V 0 12 sin 2f 1 sin 2f 2 , which, in turn, is required to obtain for the n 48 fundamental the high value of 118 cm 21 assumed by CL. Therefore, this value contrasts not only with the frequencies calculated by CASSCF and by DFT, as noted above, which are in the range 48-70 cm 21 , but also with the full range potential energy surface for the C -C rotations.
We have fitted the DFT energy values of Table 3 to a slightly modified form of CL equation [Eq. (3)], in which the potential of each rotor contains also a cos(4f ) term, i.e. is described by the potential of the form VðfÞ ¼ 1=2V 2 ð1 2 cos 2fÞ þ 1=2V 4 ð1 2 cos 4fÞ ð2Þ
This potential was used to treat the phenyl torsion of styrene [32] , which can be considered the prototype potential for the f 1 and f 2 coordinates in Stilbene. The coupling terms were kept of the same form as those appearing in Eq. (1).
Thus, the analytical form of the two dimensional potential energy surface for the two coupled rotors, used for the fitting of the DFT energies, was: [20] . Our values agree with the notion that the two torsions are very well separated and interact weakly. They reproduce reasonably well the observed energy levels of the n 37 mode, and at the same time they give a frequency of ca. 60 cm 21 for the n 48 , in agreement with the CASSCF and DFT frequencies. Raman spectra [7, 33] cannot provide any information in this frequency region, but the polarized band of 118 cm 21 and the bands observed at the same energy in some of the SVL fluorescence spectra (see below) can be due to the second n 48 overtone.
Starting from these values we proceeded to optimize the parameters of Eq. (3) taking into account the known energies of the n 37 overtones. In the fitting procedure we included the main structural relaxations of other parameters. In the present case we took into a Fixed to 0 because undetermined from the fit (its value was small and lower than its uncertainty).
b From Refs. [17] [18] [19] [20] . c Probable assignment. Not included in the fit.
account the relaxation of the in plane angles C 2 C 1 C 0 1 and C 1 C 2 C 3 (see Fig. 1 ):
in the framework of the flexible model calculations which have been performed in the ranges 2 58 , f 1 , 58 and 2 58 , f 2 , 588, using the 21 £ 21 mesh points resolution. The optimized V 2 , V 4 , V 12 , and V 0 12 parameters obtained from the fitting are given in Table 4 , together with energy of 10 levels of n 37 and n 48 overtones and combinations. The V 2 term, i.e. the barrier for a single phenyl group, of 1727 cm 21 , tends to be higher than that of styrene, as expected for the additional conjugation effect between the two rings present in St. The coupling parameters V 12 , and V 0 12 become even smaller after the fitting. The agreement of calculated and observed levels of n 37 is very good (see Table 4 ), while the calculated energy of n 48 levels agree with DFT and CASSCF frequencies and 2 n 48 corresponds to observed bands. It is interesting to note that the 37 2 0 48 2 0 is found, at a much higher frequency (at about 160 cm 21 ) than that obtained by adding the 37 2 0 and 48 2 0 energies, because of the strong kinetic coupling between the two motions. There is indeed one line at ca. 160 cm 21 in the SVL spectra [18, 20] as shown in Table 4 ; we did not, however, include it in the fit. Interestingly, also the mode 48 appears slightly anharmonic, similarly to mode 37.
The energy of the overtones of the latter mode alone can be fit by just a 1D flexible model, according to Eq. (2), including the same structural relaxation described above. The calculations have been performed in the range 2 35 , f , 35 8, resolved in 21 mesh points. This kind of analysis was already presented by SMI [1] , but with incorrect reduced mass leading to too low potential parameters (V 2 ¼ 305 and V 4 ¼ 285 cm 21 ). The results of the fitting are shown in Table 5 . Note that the value of the V 2 barrier, which accounts here for both torsions at the same time, is about twice as that found for the fitting of Eq. (4), pertinent to a single rotor.
We did not analyze by the flexible model the n 35 and n 36 vibrations, which are of a mixed torsion-flap character [8] , because of the lack of sufficient information on their potentials and interactions for large amplitude of motion of their internal coordinates. We limited ourselves to simply considering mode 36 as harmonic, and to assign it the force constant required for a frequency of 57 cm 21 , generally attributed to it. Accordingly, the combination bands 36 v 37 w in fluorescence and in excitation spectra will have the same energy as the sum of the separate energies. In conclusion, the frequencies of the fundamentals in S 0 , emerging from this analysis, are shown in Table 6 . They will be supported also by the conclusions of Section 3.3.
Frequencies in S 1
The vibrational spectra in S 1 can be observed in excitation spectra and in transient RR spectra. However, the lowest frequencies are detected only in excitation spectra. For their assignment valuable information is provided by the intensity distribution among vibronic bands both in excitation spectra and in SVL fluorescence spectra. For electronic transitions with transition dipole moments that are independent from molecular geometry, the progression of NTS modes that are approximately harmonic, contain only even overtones. The intensity of these is proportional to their Franck-Condon (FC) factors (F v;v 0 ), which depend on the parameter X:
where n 0 and n 00 are the frequencies in S 1 and S 0 , respectively. For example, the FC factor for the evenquanta overtone in fluorescence/excitation spectra are given by [34] ,
In this way, the intensities of fluorescence vibronic bands provide information on the size of vibrational frequencies in the excited state. We have calculated numerically the intensities of the n 37 in the available fluorescence spectra using the wavefunctions obtained from the flexible model calculations for several SVL. The simulated intensities originating from the level 37 2 , that is the band found at 95 cm 21 in excitation, are reported in 21 : with this choice the intensity follows rather poorly the experimental trend. This means that the n 37 fundamental jumps from ca. 9 to ca. 47.5 cm 21 in going from S 0 to S 1 . This is in agreement with the notion that the C eth -C f bonds acquire double bond character, become shorter and thus stronger in S 1 .
This assignment leaves for n 36 the frequency of 35 cm 21 , as indicated by SMI [17] and SZZ [18] . This assignment agrees with the high intensity of the band found at 114 -118 cm 21 in the fluorescence spectrum from the SVL of the 70 cm 21 band, corresponding to 36 It would be of interest to use the observed intensity distribution to confirm the assignment n 48 ¼ 59 cm 21 in S 0 and, using also the modeling by Eq. (3), to ascertain approximately its frequency of in S 1 . A clue is provided by the intensity of the 118 cm 21 band in the fluorescence spectrum from the 0 -0 SVL. Its intensity is sizable, ranging from 0.38 [20] to 0.62 [18] times the 0-0 intensity. This large intensity band cannot be attributed to 36 2 0 because of the small F 0;2 ð¼ 0:03Þ FC factor of this mode (vide supra). Let us consider the possible alternative assignments: no a g mode is available with a 118 cm 21 fundamental, no other NTS vibration with frequency close to 59 cm 21 , such that 2n ¼ 118 cm 21 ; except mode 48. The relatively high intensity observed for the 118 cm 21 band in the 0-0 SVL fluorescence requires a FC factor F 0,2 ca. 0.2, that is a X parameter of about 0.6. This implies that, in order for the mode 48 to be a good candidate, the n 48 frequency in the state S 1 must be at least 3 times larger (about 180 cm 21 ) or 3 times smaller (about 20 cm 21 ) than n 48 in S 0 . We would expect an increase, going to S 1 , in the fundamental of the n 48 mode, in analogy with what is observed for n 37 , because both arise from the same force constant and the same C eth -C f torsions. To check whether such change of frequency is realistic, model calculations were performed, using the 2D potential of Eq. (3), to obtain the frequencies n 37 and n 48 in the excited state. We employed the same V 4 , V 0
